Introduction 1
Food-based approaches for addressing nutrient deficiencies include food fortification, dietary 2 diversity, and more recently, crop biofortification. With biofortification, the nutrient levels of 3 staple crops are naturally increased through conventional plant breeding and modern 4 biotechnology (Nestel and others, 2006) . To achieve biofortified crops, high-nutrient plants are 5 crossed with commercially successful, locally important and/or agronomically superior plants. 6 Through a succession of crosses that are closely monitored by plant breeders, progeny are 7 selected which maintain the desirable characteristics of the parent plants, such as high nutrient 8 levels and agronomically favorable traits. The International Center for Maize and Wheat 9 Improvement (CIMMYT) in Mexico has followed this path to develop maize with twice the 10 levels of tryptophan and lysine found in conventional maize; this maize is known as quality 11 protein maize (QPM) or, its predecessor, opaque-2 (Krivanek and others, 2007). The 12
International Center for Tropical Agriculture (CIAT) in Colombia has also used conventional 13 plant breeding to develop beans with elevated iron and zinc levels in comparison with 14 conventional beans (Blair and others, 2009a). 15 Biofortified crops are those with higher nutrient levels and proven efficacy in improving 16 human nutrition. The QPM used in this study meets this criteria; opaque-2 or QPM has been 17 shown to improve the protein status of severely malnourished children or children recuperating 18 from severe malnutrition, either compared with conventional maize (Graham and others, 1989; 19 Morales & Graham, 1993) or compared with casein (Morales & Graham, 1993) or skim milk 20 (Reddy & Gupta, 1974) . Further, a meta-analysis of eight efficacy trials carried out with pre-21 school children in Latin America or Africa estimated an 8 and 9% improvement in children's 22 height and weight, respectively, during the intervention period when they consumed QPM 23 compared with conventional maize (Gunaratna, 2007) . The higher-mineral beans have not been 24 evaluated for their efficacy in improving human nutrition but have shown 25 mg/kg and 10 25 mg/kg increments in iron and zinc concentration, respectively, over conventional beans (MW 26 To prepare the samples for iron concentration analysis, 0.25 mL reducing protein 1 precipitant solution (100 g trichloroacetic acid, 50 g hydroxylamine monohydrochloride and 100 2 mL concentrated HCl taken up to 1 L of solution with 18MΩ water) was added to 0.5 mL of the 3 supernatant. After overnight storage at room temperature, the samples were centrifuged at 5000 4 g for 10 min, and 0.1 mL aliquots of the supernatant were transferred to a 96-well plate (Corning 5 Incorporated, Corning, NY). 0.225 mL of a ferrozine solution (1 part ferrozine solution 5mg/mL 6 and 8 parts HEPES buffer 0.3 M, pH 7.5) was added to each well. After 1 h, absorbances were 7 read in a spectrophotometer (µQuant, Biotek Instrument, Winooski, Vermont) at 562 nm. Iron 8 concentration was calculated from a standard curve generated with FeCl 3 standards. 9
Results were expressed as % dialyzable iron: 10
Total [Fe] in dialysate (mg/mL) x Total volume dialysate (mL) X 100
Total Fe in food sample (mg)
11
The iron concentration of the undigested food sample was determined as described below; this 12 value was multiplied by the weight (expressed in kg) of the bean or maize sample to generate the 13 denominator in the equation. The numerator was calculated from 10 replicates per sample, the 14 denominator was calculated from 1 replicate per sample. 15
In vitro protein digestibility of cooked maize recipes 16
The method of Hsu and others (1977), modified by McDonough and others (1990), was 17
used. This method yields data that are highly correlated (r=0.90) with in vivo results in rats (Hsu 18 and others, 1977). Briefly, samples or a casein-sodium salt from bovine milk containing 10 mg 19 of N were dissolved in 2.5 mL of water. To this, 2.5 mL NaOH 0.2N was added. The solution 20 was incubated for 30 min in a 37°C 65 RPM shaking water bath. Then 5.0 mL HCl 0.075N was 21 added and the pH adjusted to 8.0. 2 mL of a multi-enzyme solution (4 mg trypsin, 4.48 mg 22 chymotrypsin, 1.02 mg peptidase) was added. The pH was monitored for 10 min and the percent 23 digestibility was calculated using the formula: 24 9 % digestibility = 210.46 -18.10X, where X is the pH at 10 min. 1 4 replicates were run for each cooked recipe. 2
Nutrient determinations 3
The iron and zinc concentrations (mg/kg) of uncooked maize and beans and cooked 4 maize and bean recipes were determined in 2 replicates using atomic absorption 5 spectrophotometry (Benton-Jones and others, 1991). After acid digestion of the samples, 6 nitrogen (g/kg) was determined colorimetrically (Skalar Analytical BV, 1995). Colorimetric 7 methods were also used to measure tryptophan (Villegas and others, 1992 
Meal samples 2
For both daycare centers in the nutritionally enhanced group, bean and maize meal samples were 3 obtained at two time points, as planned (Table 3) . For the three day care centers in the 4 conventional crops group, samples were obtained at one time point for all three, and second 5 samples were obtained for only one of the centers. Deviations from the standard recipes, based 6 on cooking staff's report of what ingredients were used in the recipes, are summarized in Table  7 4. Staff added a variety of ingredients (n=10) to the bean meal as compared to the standardized 8 recipe, omitting up to three ingredients in the bean recipe (carrot, pumpkin, onion), adding up to 9 two ingredients to the maize recipe (sodium bicarbonate and cinnamon) and omitting no 10 ingredients in the maize recipe. 11
Nutrient profile of uncooked beans and maize 12
The iron, zinc, nitrogen, tryptophan and lysine profile of the uncooked nutritionally 13 enhanced beans and maize are listed in Table 1 . The mean iron value for the conventional beans 14 (57.1 mg/kg) was lower than the nutritionally enhanced beans (62.8 mg/kg for NUA35 and 64.8 15 mg/kg for NUA45); but this difference was not statistically significantly different (P>0.05). 16
Mean zinc was higher for NUA35 (28.7 mg/kg) than for CAL96 (21. For maize, the nutritionally enhanced CML491 had lower mean iron (11.5 mg/kg) and 21 zinc (14.9 mg/kg) values than the conventional maize (15.7 and 22.8 mg/kg, respectively) 22 (P<0.05). Nitrogen levels were comparable in both maize types (~15 g/kg) (P>0.05) while 23 tryptophan and lysine levels were higher in CML491 (0.084 and 0.366%, respectively) than in 24 DK777 (0.054 and 0.254%, respectively) (P<0.05). 25
Nutrient profile of cooked bean and maize recipes 26
The iron (~45 mg/kg) and phytate concentration (~900 mg/100 g) in the cooked recipes 1 prepared with nutritionally enhanced and conventional beans were statistically comparable 2 (P>0.05); the nitrogen and zinc concentrations were higher (P<0.01) in the recipes prepared with 3 nutritionally enhanced beans as compared with conventional beans (Table 5) . 4
In the cooked recipes, nitrogen, tryptophan and lysine were statistically higher (P<0.05) 5 in the maize recipe prepared with nutritionally enhanced maize than in the recipe prepared with 6 conventional maize; there was no difference (P>0.05) in the iron, zinc and phytate concentration 7 of the cooked recipes prepare with both maize types. 8
Proxy bioavailability measures for iron, zinc, and protein 9
In vitro iron dialyzability was not different between the bean recipes prepared with 10 enhanced (9.52%) or conventional (9.72%) beans (P>0.05) ( Table 5 ). In vitro iron dialyzability 11 was higher for the recipes prepared with enhanced maize (37.01%) compared with conventional 12 maize (32.24%) (P<0.01). There was a trend for the phytate:zinc molar ratio, a proxy for zinc 13 bioavailability, of the bean and maize recipes cooked with nutritionally enhanced crops to be 14 lower than the recipes prepared with the conventional crops; however these values were not 15 statistically different (P>0.05). In vitro protein digestibility was higher (P=0.01) in the cooked 16 recipes prepared with nutritionally enhanced beans (84.15%) than with conventional beans 17 (82.31%). In vitro protein digestibility was comparable (P=0.19) in the cooked recipes prepared 18 with nutritionally enhanced (83.01%) and conventional maize (82.30%). Andean typology. These similarities carried over to the cooked recipes where there were no 6 differences in the iron levels of the cooked bean recipe prepared with the two different bean 7 types. In other words, these data suggest that the iron-differentiated bean intervention was not 8 delivered to the pre-school children. 9
In contrast, the higher zinc levels in the uncooked nutritionally enhanced beans did result 10 in higher zinc levels in the cooked beans prepared with the nutritionally enhanced beans. The higher nitrogen concentration in the recipes prepared with nutritionally enhanced 19 beans was unexpected as the uncooked bean values were not different. This suggests that 20 nitrogen-contributing ingredients in the fríjol sancochado recipe were disproportionately used 21 when the nutritionally enhanced beans were cooked. The data collected on ingredients added or 22 omitted to the recipe do not bear this out; however, amounts used in the recipes were not 23
quantified. 24
Tryptophan and lysine levels were higher in the raw nutritionally enhanced maize as 25 compared to the conventional maize; nitrogen levels were similar between the two maize types. 26
As with the zinc in beans, for the amino acids this translated into higher tryptophan and lysine 27 14 levels in the cooked maize recipes. Unexpectedly, nitrogen levels were also higher in the cooked 1 maize recipes prepared with nutritionally enhanced maize. This difference is unlikely due to 2 systematically more milk being added to the recipe prepared with the nutritionally enhanced 3 maize, unless the cooking staff noted a difference in cooking with this maize and made 4 adjustments to the recipe accordingly. Cooking amounts were not recorded; thus this hypothesis 5 cannot be tested. 6
Bioavailability proxy measures in cooked recipes 7
There was no difference in the percent dialyzable iron in the cooked bean recipes 8 prepared with enhanced or conventional beans, suggesting similar iron bioavailability. Using a 9 similar in vitro methodology to the one we used, Lombardi and colleagues (1991, 1995) found 10 the iron dialyzability of extruded mottled bean flour and cooked mottled beans to be <1.2% and 11 of cooked white beans to be 3.89%, lower than what we observed. This difference could be due 12 to the contamination iron from extrusion used in the 1991 Lombardi study which increased the 13 denominator in the dialyzability equation thus decreasing the % dialyzable iron and also that in 14 contrast to the Lombardi studies which used no ingredients other than beans, the carotenoid-and 15 ascorbic acid-contributing ingredients in the current study could have increased the dialyzability 16 in the bean meals (García-Casal and others, 1998; Cook & Reddy, 2001) . 17
In contrast, the in vitro iron dialyzability of maize was higher in the recipe prepared with 18 nutritionally enhanced compared with conventional maize. This was not driven by differences in 19 the phytate:iron molar ratio which was comparable (~23-24:1) in both recipes. There is data to 20 suggest that lysine enhances iron bioavailability in rats (Van Campen & Gross, 1969); however 21 there are no in vivo comparisons of high-compared with low-lysine maize on iron 22 bioavailability. It is notable that the in vitro iron dialyzability of the maize recipes was 3-4 times 23 higher than for the bean recipes; this could be due to the 3-4 times lower phytate concentration in 24 the maize recipes compared with the bean recipes. 25
Lower phytate:zinc molar ratios are suggestive of greater zinc bioavailability. Lower 26 phytate:zinc molar ratios were observed for the recipes prepared with nutritionally enhanced 27 crops compared with the recipes prepared with the conventional crops; however, these 1 differences were not statistically significant. Several international organizations offer a 2 classification system for estimating zinc bioavailability based on phytate:zinc molar ratio: <5:1 3 suggests high bioavailability, 5:1 to 15:1 medium, and >15:1 low (WHO/FAO/IAEA, 1996). 4
Thus, the recipes analyzed with either type of maize or beans would be classified as low 5 bioavailability. The phytate:zinc molar ratios observed for recipes prepared in this study are in the digestibility portion of the equation was taken from published data, not data generated with 8 these varieties. In that study, PDCAAS ranged from 54 to 72% in the lyophilized QPM varieties 9 and 30-50% in the lyophilized commercial maize. 10
Potential of enhanced crops to improve human nutrition 11
Nutritionally enhanced crops can improve human nutrition if they translate into more 12 nutrients absorbed and utilized by the body. This can be achieved in one of three ways: higher 13 nutrient concentrations but same bioavailability as conventional crops, same nutrient 14 concentrations but higher bioavailability as conventional crops, or higher nutrient concentrations 15 combined with higher bioavailability. 16
The first option for improving human nutrition through enhanced crops (higher nutrient 17 concentration, same nutrient bioavailability) most closely describes the results observed in this 18 study with zinc in beans and quality protein in maize. Zinc concentration was higher in the bean 19 recipes prepared with enhanced versus conventional beans, and zinc bioavailability, as proxied 20 by phytate:zinc molar ratio, was similar in the bean recipes prepared with both bean types. 21
Given the high phytate:zinc molar ratio, it is unlikely that statistically different ratios would lead 22 to greater zinc bioavailability, unless the ratio could be reduced to below 15:1 for the enhanced 23 bean recipe. Breeding strategies should focus on increasing the zinc content in the enhanced 1 beans and reducing the phytate:zinc molar ratio. 2
For protein quality, the same trend was observed: higher amino acid and protein levels in 3 the cooked maize recipes prepared with enhanced maize yet similar in vitro protein digestibility 4 values as maize recipes cooked with conventional maize. The PDCAAS calculation of the 5 cooked recipes supports the assertion that higher amino acid levels from enhanced maize coupled 6 with similar digestibility values as conventional maize yield more quality protein in the diet. The second option for improving human nutrition through enhanced crops (same nutrient 20 concentration, higher nutrient bioavailability) describes the results observed in this study with 21 iron in the cooked maize recipe. The greater in vitro iron dialyzability may have more to do with 22 the other ingredients in the recipe, or the cooking preparation, than with the maize per se, 23 however, it highlights the importance of examining the bioavailability of biofortified crops that 24 are cooked using local recipes and methods. Further, it is worthwhile mentioning that during the 25 years-long process of developing biofortified crops through conventional plant breeding, there 26 may be unintended consequences, positive or negative, of selecting for crops that are 27 agronomically and nutritionally superior. For example, a high correlation between iron and zinc 1 concentration is found in beans (Beebe and others, 2000), suggesting that selection for crops with 2 high levels of one of these nutrients will yield crops with high levels of the other nutrient. 3 Therefore, it is possible that selection for maize with higher tryptophan and lysine can 4 unintentionally influence other maize constituents that lead to greater iron dialyzability; this 5 requires further study. 6
The third option for improving human nutrition through enhanced crops (higher nutrient 7 concentration, higher nutrient bioavailability) describes the results obtained with nutritionally 8 enhanced beans for protein. As with nutritionally enhanced maize, these beans can be promoted 9
in those countries where they contribute importantly to protein intakes. 10
Study strengths and limitations 11
The small sample size limited the statistical power to detect differences in nutrient values 12 between nutritionally enhanced and conventional crops. While attempts were made to 13 standardize preparation methods and ingredients, these varied among the daycare centers. 14 However, these varied methods better reflect the cooking conditions that these crops will be 15 exposed to in real-life, non-experimental settings. 16
17
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